The possibility of the nucleation in the expanding envelopes of T Tauri stars is investigated by using the nucleation theory by Becker and Doring. The nucleation time scale r,. in .the gas is investigated assuming that only graphite is condensable. The expansion time scale roxo of the gas ejected from a T Tauri star is calculated assuming that the gas flow is steady and spherically symmetric. The time scale r,. is compared with roxp for Xo=l0-2 (Xo is the concentration of carbori by mass) assuming that the gas expands adiabatically, and the massloss rate needed for nucleation is found to be larger than those observed in T Tauri stars.
It is generally believed that grains ·are contained m interstellar and protoplanetary gas clouds. The importance of the existence of grains has been pointed out in connection with the cooling mechanism during the contraction of the gas cloud and with the origin of protoplanets. 1 > In spite of the importance, however, the formation of grains has not yet been understood well. A few authors have .Pointed out the possibility that grains are formed in atmospheres of cool stars or in expanding shells of active stars such as T Tauri stars, planetary nebulae, novae and supernovae. 2 >-4 > This is a:lso suggested by the infrared excesses of active stars. 5 
>-u>
Hoyle and Wickramasinghe 2 >• 8 > have investigated the conditions for the formatio'n and the growth of solid particles in the static stellar atmospheres of N-type stars. Kamijo 14 ) and Donn et al. 15 > have re-examined Hoyle and Wickramasinghe's mechanism in cool carbon stars. On the other hand, Fix 16 > has studied the formation of grains in the adiabatically . pulsating atmosphere. He has shown that if the pulsation period is longer than a few months, the grains are condensed in expanding phases of pulsation.
In this paper we will investigate the possibility of the formation of grains in the expanding envelopes of T Tauri stars using the nucleation theory by Becker and Doring 17 > and others. 18 >-20 > The reasons why we take notice ofT Tauri stars are as follows: Firstly, some of them are known as infrared stars 11 > so that grains may exist in the circumstellar spaces around T Tauri stars. The mass-loss rates are known from the observations together with the initial velocities of ejected matter and stellar radii. 21 > Hence we can easily compare our estimation with observations. Secondly, in connection with the ongm of the planets, we are interested in the problem whether or not grains can be formed in the matter ejected from central stars which are in the premain-sequence stage. T Tauri stars are considered to be in this stage.
For simplicity, we have assumed that the expanding gas is composed of only H, He and C, as carbon may be the most abundant among the heavy elements, and that the concentration by mass of the available carbon Xc is l0-2 as the optimum case. So we are restricted to the discussion of the ,condensation of graphite. We have assumed the other optimum conditions for nucleation, such as the sticking probability, the initial temperature of ejected material and the neglect of radiation pressure.
In § 2 the theory of homogeneous nucleation by Becker and Doring is briefly reviewed and applied to the super-saturated carbon gas. The time scale of nu. cleation is given as a function of temperature and number density of carbon.
In § 3 the behavior of expanding gas is considered. We have assumed that the mass from a T Tauri star flows steadily, adiabatically and spherically. As to the expanding velocity v, we have considered two simple cases; one is that vocR, where R is the distance, from the center of T Tauri star, and the other is that v = constant.
In § 4 the possibility of nucleation is examined by comparing the nucleation time scale and the expansion time scale obtained in § § 2 and 3, respectively. In other words, the mass-loss rate needed for the appreciable nucleation is found for two alternative cases on the expansion velocity mentioned above and is compared with the observed one.
The assumptions, which we have taken in this article, are reconsidered in § 5; espec_ially, the assumptions that the gas is composed of only H, He and C, and that the mass flows spherically and adiabatically. From these considerations it is concluded that as long as we are concerned with the steady mass-loss, the nucleation of graphite is rather difficult in expanding envelopes of T Tauri stars. § 2. The nucleation time scale of graphite On the basis of molecular equilibrium, many authors 2 l' 22 h 28 l have examined what kinds of species, are mainly condensed in a cooling gas, for example, in a cool stellar atmosphere. According to them, the main condensed species are silicate, graphite, ice, iron oxide, magnesium oxide, silicon carbide and so on. The chemical compositions of these condensed matter are, of course, dependent upon the initial composition of gas and temperature. Ho~ever, for the case of a gas with the solar abundance, graphite is one of the most condensable species, and hence we will consider, as an extreme case, a simple system which is composed of only H, He and C. In the case of an oxygen-rich gas, most of carbon atoms react rapidly with oxygen atoms to become CO molecules, so that the number density of monatomic carbons which are available for nucleation becomes quite small. Our choice of chemical composition gives an optimum condition for the nucleation of graphite.
Thus we consider a simple gas system composed of H, He and C with temperature T and density p. In order for the nucleation to occur, the carbon vapor must be super-saturated ;· that is,
where S is called the super-saturatio n ratio. The partial pressure of carbon gas Pe .and its vapor pressure P .. are expressed as and Pe=nckT= pXe kT me
respectively, where ne is the number density of carbon atoms, me is the mass of a carbon atom, and r and (J are constants and taken to be r = 3. 71 X 10' and 0·= 14. where Bu represents. the cluster which contains g molecules. The number of molecules g in a cluster is related to the radius r as (2·9)
They suggested that the rate of formation of stable clusters (nuclei) IS m proportion to Znc exp (-JG* I kT), where Z is the so-called Zeldovich's non-equilibrium factor and is described as
Thus, the detailed expression for the rate of homogeneous nucleation of graphite J is given by
where a is the sticking probability of carbon, f is the flux of incident carbon atoms, i.e.,
V=./kTI2rcmc.
(2·13) Now, we can defin~ the nucleation time scale of graphite r,. as
where g* is the number of atoms contained in a critical carbon cluster. Using !J=9 X I0-24 cm 8 and 6= 1 >< 10 8 erg cm-2 15 l for carbon, the nucleation time scale is calculated numerically as a function of p and T. The results are shown in: Let us consider the behavior of material ejected from a T Tauri star. We assume that the mass is ejected isotropically and steadily. From the equation 
Grain Formation zn the-Expanding Envelopes of T Tauri Stars
for Case B using Eqs. (3 ·1) and (3 · 2b), where the suffix 0 denotes the values at the surface of the star. Next we consider the thermal behavior of expanding envelope. 26 l For simplicity the ejected material is assumed to expand adiabatically. Then we have
where s, u and P are the ~.ntropy, internal energy per unit mass and the pressure of ejected material, respectively. The temperature of expanding material changes with its density 27 l as
where {3 is the ratio of gas pressure to total pressure. In the extreme case where We will examine the possibility of nucleation of graphite in the matter ejected from T Tauri stars. We assume that th~ surface temperature T 0 of T Tauri sta'r is 4000°K for all cases considered here. This will be justified by the observations.
For example, Kuhi~'> has reported that the surface temperatures of six T Tauri stars lie between 4090°K and 4960°K.
When the temperature of the matter becomes lower than some critical value, the partial pressure of carbon exceeds the vapor pressure. In this situation the nucleation begins if the condition (4·1) 1s satisfied. In this section we will examine the physical conditions on the mass-loss rate with which the condition ( 4 ·1) is satisfied for each of the two cases mentioned in § 3. For Case with "fj given by Eq. ( 4 · 6), the expanding matter experiences th~ situation of r,.<r:-xp in some time-interval. Let us consider the adiabat which touches the locus determined by "fj, and let Pc be the density at the stellar surface on this adiabat. Then, the relation between "fj and Pc can be easily obtained graphically (see Fig. 6 ). This relation is approximately given by log Pc=a log "fJ+b,
where a and b are constants depending on Xc and T 0, and. for Xc= I0-2 and T 0 =4000°K., we obtain a= -1.88 and b= -22. 
Only when the observed mass-loss rate satisfies the inequality ( 4 · 9) or ( 4 ·12) for each case, the nucleation can occur in the expanding envelope of the'T Tauri star. Thus, using the observational results on radii and expanding velocities of T Tauri stars, we can find the minimum mass-loss rates required for the nucleation. In Table I the mass-loss rates required by the condition ( 4 · 9) or ( 4 ·12) for various T Tauri stars are shown together with the observed mass-loss rates, radii and velocities. The results in Table I indicate that the nucleation of graphite is rather difficult in the expanding envelopes of T Tauri stars. Table I indicates that the observed mass-loss 'rates of T Tauri stars are slightly smaller than, or nearly the same as those required for the appreciable nucleation of graphite. This means that the formation of graphite in the material ejected from T Tauri stars is not easy even under the optimum condition. Actual conditions will be much severer. Firstly, the carbon concentration has been assumed to be 0.01 in our estimation. This is the maximum value to be expected. Furthermore, we have not taken into account the decrease of the concentration of atomic carbon due to the reactions between C. and 0-atoms. If 0-atoms exist, they react rapidly with C-atoms to become CO, and the available C-atoms are reduced before the graphite is formed. Thus, the mass-loss rate required may be at least ten times as those estimated m § 4, because oxygen ,is as abundant as carbon.
Secondly, as the optimum case, we have set a to be 1. However, the sticking probability is also an ambiguous factor. Thorn and Winslow 28 l have estimated that a= 0.37 for monatomic carbon. However, there is a repore 9 l that the sticking probability has a value of about 10-8 • If this is true, the mass-loss rates required must be a thousand times as those calculated in § 4.
In the previous section, we have assumed that the initial temperature is 4000°K and the temperature of the expanding envelope changes with its density adiabatically. For the higher initial temperature the larger mass-loss rate is demanded for nucleation (see Figs. 6 and 7) . According to Kuhi, 21 l the observed surface temperatures of T Tauri stars lie between 4090°K and 4960°K. In this sense, our estimation corresponds to the optimum case, though the choice of the initial temperature has no important influence. Furthe'rmore, the nucleation occurs more easily for the larger value of d ln T j d ln p. Hence, the neglect. of radiation pressure also gives a better condition for nucleation, and, on the other hand, the assumption that the envelope expands adiabatically suppresses the nucleation. Even in this case, the er-ror in mass-loss rates obtained in § 4 is within factor 2.
We have assumed the spherically expanding mass-loss. If the disk-like expansion is assume-d for the mass flow, the mass-loss rate A Is given by
where h is the thickness of the disk. 
This is the same as Eq. ( 4 ·12) except for the last term that is only the geometrical factor and gives no influence on A, because the ·observed mass-loss rates are also diminished. by the same factor. Thus in Case B, no change occurs due to the disk-like expansion. Anyhow, the disk-like expansion with constant velocity gives a situation slightly better than the spherical expansion. Even in this case, however, we have examined under the optimum condition;
In this paper we have restricted ourselves to the homogeneous nucleation. Other processes of nucleation have 'been proposed, such as ionic nucleation 15 l' 16 l' 19 l and heterogeneous nucleation. 19 l However, the ionic nucleation is unlikely to take place since the number density of ions is estimated not to be so' large that they do not play a role of kernels for nucleation. We can neglect the heterogeneous nucleation because of the small concentration of elements other than carbon.
From these considerations we can conclude that the nucleation of graphite in the ejected envelopes of T Tauri stars is rather difficult as long as the steady mass-loss is assumed. The nucleation of other elements such as silicates and ironic oxides is also difficult because these elements are less abundant than carbon. Nevertheless, the observations of T Tauri stars by means of infrared radiation11l support the existence of solid particles in expandi1,1g envelopes. Possible room for improvement is only to take into account the non-steady mass flow, if grains are formed in the matter ejected from central stars.
Our procedure can be applied to the other active stellar objects 80 l such as novae, supernovae and planetary nebulae. Let us consider a supernova explosion, for example, which has an initial density"'-' 10 81 nucleons/ cm 8 , that is, "'-'2 X 10 7 g/ cm 8 , an initial temperature of "'-' 10 10°K , a radius at the moment of explosion "'-' 10 9 cm and an expansion velocity rv5000km/sec. 4 l In the same manner we find that the initial density needed for nucleation must be larger than IQ-4 g/cm 8 in the cas~ of the constant velocity of expansion. This is obtained for the optimum condition, and the consideration of some unfavorable situations will increase the necessary density by several orders. However, the actual density is larger by eleven orders, so that there may be enough possibility of nucleation in a supernova explosion.
